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PREFACE 


The effort described in this report was performed as an outgrowth of a 
concurrent study to develop concepts for a Large Blast/Thermal Simulator 
(LB/TS). Construction of the large simulator has been proposed for testing 
the survivability of full scale military vehicles and other equipment under 
blast and thermal effects of nuclear weapons. The proposed simulator, if 
constructed, will be the largest such facility in the world in terms of 
physical dimensions and energy release capacity. 

Performance criteria for the LB/TS imply a need for innovative real 
time flow control mechanisms. The size of the facility and the requirement 
that it be able to change blast overpressure and duration independently of 
one another make the use of conventional shock tube techniques expensive to 
employ. Conventional techniques using diaphragms to initiate the flow and 
changes in driver volume to control duration can be used, but real time 
flow control promise a more flexible and efficient facility at reduced 
cost. However, real time flow control in a blast simulator is an unproven 
concept. Because of the significant cost of an LB/TS facility, a high 
degree of confidence needs to be obtained in real time flow control mech¬ 
anisms before they are used in its final design. Research into real time 
flow control mechanism could be performed at the BRL 2.44 meter shock tube 
at Aberdeen Proving Ground, Maryland, if certain modifications to the 
facility were carried out. 

Needed modifications to the BRL facility are discussed in this docu¬ 
ment. 

The study was conducted under funding by the SCIENTIFIC SERVICES 
PROGRAM as administered by Battelle Research Triangle Park Office, Dr. 
George G. Outterson, Program Manager. Technical guidance for the study was 

provided by Mr. Richard J. Pearson, U.S. Army Ballistic Research Labora¬ 
tory. 
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SUMMARY 


1. Feasibility, Modification of the BRL Shock Tube Facility on Spesutie 
Island for use as a Large Scale Test Bed for LB/TS Research is feasible. 


2. Construction Cost. Facility modifications and procurement of a quick- 
valve and diaphragm mount will cost about $1,136,500.00 according to the 
following breakdown of costs: 


Driver tube, repairs, heater: 
Quick-valve and supports: 
Diaphragm mounts: 

High pressure nitrogen system: 


$453,000.00 
$524,000.00 
$ 37,500.00 
$122,000.00 


3. Construction Time. Eight to ten months will be required to construct 
facility modifications and to procure a quick-valve and diaphragm mount. 


4. Nature of Modifications. Recommended modification of the facility 
will include the following elements: 


a. Reinforcement of the existing reaction pier. 

b. Modifications to the existing shock tube to facilitate 
installation of the new driver. 

c. Installation of a new three-foot diameter insulated driver, 
80 feet long, and its anchorage to the reaction pier. 

d. Upgrading of tracks supporting the new driver. 

e. Erection of a temporary weather cover over the new driver. 

f. Installation of a nitrogen pressurization system for the new 
driver. 


* 
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g. Installation of electric strip heaters on the new driver and 
installation of an exhaust fan for its cool-down. 

h. Installation of a liquid cooling system for the diaphragm 
and quick valve. 

i. Addition of a panel in the Control Building for driver 
pressure/temperature control. 

. 

j. Modifications to the motor control center to accomodate the 
nitrogen system. 

k. Removal of fixtures used in previous tests from the expan¬ 
sion section. 

» « 

l. Removal of the existing diaphragm change platform from the 
reaction pier and addition of a materials handling system in 
its place. 

m. Piping and wiring systems associated with modifications 

listed above. 

* * 

. 

5. Condition of Existing Tube. The thrust-resisting capacity of the 
reaction pier has diminished. It should be repaired prior to future use of 
the 2.44 meter driver, regardless of whether other recommendations in this 
report are or are not implemented. 

6. Test Plan. A plan of testing to be performed at the modified facility 
should be developed in conjunction with its engineering design. A partial 
listing of test plan elements was identified in the study, as follows: 

a. Pressure tests of the new driver and liquid nitrogen driver gas 

supply system* 
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b. Shakedown tests using heated drivers and diaphragms. Collection 
of information on stress history in the new driver tube. 

- • ? 

c. Test to determine shock rise time as a function of distance down 
the expansion section and quick-valve opening time using heated 
driver gas. 

d. Shock rise time experiments using a system containing both quick 

valves and diaphragms. (Note: necessary only if quick-valve 

opening rates do not produce short enough shock rise times.) 

e. Test of the ability of quick-valve closure to control blast wave 
decay rates. 

fi Rarefaction Wave Eliminator (RWE) tests at the downstream end of 
the facility using blast wave shapes produced by quick-valve 

closure. 


* 
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SECTION 1 
INTRODUCTION 


1.1 AUTHORITY 

This study was conducted under contract with Battelle Columbus Divi¬ 
sion, Contract No, DAAL03-86-D-0001. Technical guidance for the perfor¬ 
mance of the study was provided by the U. S. Army Ballistic Research Lab¬ 
oratory (BRL), Aberdeen Proving Ground, Maryland. 


1.2 GENERAL DESCRIPTION 

This report presents results of a study to develop a Design Concept 
for a Large Scale Test Bed for Large Blast/Thermal Simulator (LB/TS) Re¬ 
search. The Design Concept was based upon modification of the existing BRL 
2.44 meter (8-foot diameter) shock tube facility at Aberdeen Proving 
Ground, Maryland. Elements of the study were: 

a. An evaluation of the existing shock tube support system and 
existing railbed, particularly with respect to their capability 
to support additional loads. 

b. An evaluation of the existing driver and .reaction pier to 
determine their ability to support thrust loads of a new driver 
proposed for installation inside the existing driver. 

c. Development of a design concept for a new high pressure 
heated driver. 

d. Development of a concept for heating the new driver with an 
external electrical heating system. 

e. Development of a concept for a cooled converging nozzle and 
double-diaphragm system. 
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f. Development of a method for transferring thrust from the new 
driver into the existing reaction pier and a determination of 
additions to the existing support system needed to carry the 
weight of the new driver. 

g. Development of a concept for pressurization of the driver 
using liquid nitrogen. 

h. Derivation of cost estimates and schedules for test bed. 

* 

1.3 BACKGROUND 

The U. S. Army and the Defense Nuclear Agency are conducting research 
into the design and operation of a large-scale nuclear blast and thermal 
radiation simulator. Technological gaps have been identified in recent 
conceptual studies (Reference 1) of the large simulator, and these gaps 
represent constraints upon its cost-effective design. No facility is known 
to exist at which research can be performed to bridge technological gaps. 
However, the BRL 2.44 meter shock tube may be a candidate for such research 
if it is altered to suit test bed requirements. This study deals with the 
nature of required alterations at that facility. 


X 
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SECTION 2 

EVALUATION OF THE BRL 2.44 METER SHOCK TUBE 


2.1 VISUAL INSPECTION 

The BRL 2.44 meter tube went into service in 1967 but has been used 

infrequently during the past two years. The high level of testing con¬ 

ducted earlier and a 20-year exposure to the elements has brought about a 
degree of deterioration of the tube and its ancillary structures. Its 

condition was visually inspected in December of 1986, and observations of 
that inspection are noted below: 

a. Rail Bed. The rail bed upon which the driver is carried has 

settled. The rail bed beneath the expansion section has also 

settled except for the length resting on the reaction foundation. 

« 

The most obvious settlement has occurred immediately below tube 
carriage wheels and has been accompanied by flexure of rails at 
these locations. At some previous time, shims were installed on 
top of some carriages to offset the effects of this settlement on 
tube alignment. 

b. Driver Section. The downstream end of the driver was check¬ 
ed for roundness over an 80-foot length. The tube was found to 
be virtually round along this length .except for a 5/16-inch 

elongation of the vertical axis about 50 to 60 feet from the open 

■ 

end. This distortion is believed to be inconsequential. 
Straightness of the tube was checked against a stretched string; 
no flexure of consequence was apparent. The driver was not 
checked for levelness, although evidence at the rail bed and 

reaction pier suggests that the closed end has settled more than 

* 

the open end. Walls of the driver were generally in good condi¬ 
tion, however, an area of one-inch by two-inch size was noted 

where the outside fibers were delaminating from curved fibers 
beneath. 
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c. Reaction Pier. Moderate to severe cracking of concrete has 
occurred on both parts of the reaction pier. The most severe 
cracking radiates from anchor bolts on top of the pier. Settle¬ 
ment of the rail bed may have induced residual stresses on upper 
anchor bolts which, when combined with tube thrust loadings, 
caused these cracks. Cracks in the pier constitute an entry-way 
for moisture and a potential cause of rebar corrosion, although 
little corrosion of reinforcing was evident. 

d. Reaction Foundation. The condition of the reaction founda¬ 
tion, including its connection to the reaction pier, appeared to 
be good. One exception to this is the tendency of water to pond 
in depressions in its top surface. The bottom connection of the 

driver is located in such a depression and is corroding from its 

’ • 

exposure to ponded water. The reaction foundation is equipped 
with a subsurface drainage system which was not operating at the 
time of inspection. Alternating sump pumps which were intended 
to discharge subsurface groundwater have been turned off, report¬ 
edly, to conserve maintenance costs. Operability of pumps was 
confirmed during the inspection. 

e. Expansion Section. Other than settlement of its rail bed, 
the expansion section showed no evidence of serious deteriora¬ 
tion. Post-construction additions inside and on the downstream 
end were noted with respect to their effect on test bed concepts. 

f. Site Selection for Nitrogen Equipment. Any of several 
locations on the north side of the Reaction Foundation was deter¬ 
mined to be feasible for situating elements of the test bed 
nitrogen system. 

2.2 EXAMINATION OF OPERATIONS LOG 

Records of shock tube operations over the past nine years were exam¬ 
ined. Logs showed that the driver pressure last exceeded 91 psi in 1977 (a 
100 psi driver pressure was used in November of 1977). Table 2-1 shows a 
history of shock tube usage over the past five years. 
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5-YEAR 

TABLE 2-1 

HISTORY OF SHOCK TUBE 

USAGE 


NO. OF 

MAX. DRIVER 

MAX. SIDE-ON 

YEAR 

SHOTS 

PRESSURE (PSI) 

PRESSURE (PSI) 

1982 

45 

70 

17.5 

1983 

. 32 

91 

20 

1984 

39 

91 

20 

1985 

4 

91 

20 

198 6 

4 

32.5 

10 


2.3 CONCLUSIONS 

Consideration of evidence gathered during the field inspection brought 

♦ • 

about the following conclusions: 

a* Suitability for Test Bed Construction. The 2.44 meter shock 
tube can be modified for use in test bed experiments. 

b. Rail Bed. New temporary supports or concrete foundations 
should be placed under each of the 11 driver supports and under 5 
of 6 expansion section supports. Precise survey should be used 
in conjunction with this construction to enable restoration of 
both sections to their original alignment (if permanent founda¬ 
tions are installed). 

c. Driver Support System. Additional supports should be in- 

i 

stalled between existing driver supports if the test bed concept 
involves installation of the new driver inside the existing 
driver. 
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d. Expansion Tube Support System. Temporary shoring will be 
required beneath the expansion section if the test bed concept 
involves transport of the new driver inside the expansion sec¬ 
tion. 


e. Reaction Pier. The resistance of the pier to driver thrust 
in its present condition is indeterminate but is known to be less 
than its original design value. Reinforcement of the pier will 
be needed to restore it to original strength. Instrumentation of 
the pier to determine its approximate strength is theoretically 
possible, but costs of instrumentation and data analysis will 
probably exceed costs of its restoration. Failure of concrete in 
diagonal tension has caused a redistribution of strength to steel 
reinforcing at several locations. Direct measurement of maximum 
tension and bond stresses in reinforcing steel is not possible. 

A further complication in analysis of the pier is associated 
with settlement of the driver. That is, pier distortions caused 
by driver roadbed settlement will cause unequal distribution of 
thrust loads at the four tube attachments to the reaction pier. 

f. Suitability for Continued Use of 2.44 Meter Driver. A 
determination of the maximum safe driver pressure in its existing 
condition was not part of the study. However, observations made 
during the field inspection suggest that it should be downgraded 
or not used at all in the future unless it is restored. Field 
observations included reaction pier damage as noted in the pre¬ 
ceding paragraph, a localized area of driver shell damage, longi¬ 
tudinal stressing of the driver shell caused by unequal settle¬ 
ments of the driver roadbed and the reaction foundation, and 
welds to the driver shell at a test table inside the driver. 
Restoration would include repair of these four items and subse¬ 
quent pressure testing. 
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SECTION 3 

ALTERNATIVE METHODS FOR INSTALLATION OF THE NEW DRIVER 


3.1 METHOD OF INSTALLATION. 

Several methods for installing the new driver in the existing facility 
were studied. The primary objective of this phase of the study was to 
minimize the combined costs of the LB/TS Test Bed modification and subse¬ 
quent restoration of the 2.44 meter driver to operating condition. Resto¬ 
ration of the driver to its original strength is discussed in paragraph 

2.3f. One consideration was to maintain the integrity of the existing 2.44 
meter tube so that hydrostatic testing would not be necessary to put it 
back into service. After inspection of the existing tube, it was deter¬ 
mined that hydrostatic testing will be * needed to redefine its maximum 
working pressure, regardless of how the modification is done. The various 
methods considered for installing the new driver are shown in Figures 3-1 
and 3-2, and are described in the following paragraphs. 

3.1.1 Method I 

Method I is referred to as the Muzzle Load concept. In this method, 
the new driver would be loaded into the downstream end of the existing 

expansion section. The new driver would , be supported on flanged wheels 
which will toll on a temporary track. .This track would extend from 80 feet 
outside to 80 feet inside- the expansion section. The driver would be 
rolled 8 0 feet into the tube, and the outside track would then be moved 
into the tube through the opening at the diaphragm section. The opening at 
the diaphragm section will limit the length of'track sections to 20 feet. 

The driver would be moved 200 feet through the expansion section and 

80 feet into the existing driver section. An 80 foot length of track would 

remain in the expansion section so that the new driver may be foiled out of 

the 2.44 meter driver for maintenance of the new heater and' insulation 

« 

systems. The existing shock tube must be supported from beneath to carry 

the new driver as it travels on the track inside (Figure 3-3). This can be 
accomplished with temporary supports where the track is to be temporary and 
with permanent supports for an 80 feet distance upstream and downstream 
from the reaction pier. Temporary supports can be substituted for perma¬ 
nent supports if eventual and economical restoration of the 2.44 meter tube 
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is not a consideration. However, settlement of temporary supports would 
need to be periodically monitored during the Test Bed experiment. 

3.1.2 Method II 

Method II is similar to Method I except that an 85 foot length of the 
existing expansion section would be temporarily removed while the new 
driver is loaded directly into the existing driver. The 85 foot length of 
expansion section would then be replaced, and 8 0 feet of track would be 
installed inside it (for driver extraction and maintenance). 


3.1.3 Method III 

Method III involves the cutting of anchor . plates from the existing 
driver, removing the concrete barricade at the head end of the driver, 
installing a 100 foot extension to the existing rail system, and rolling 
the entire 270 foot driver a distance of 100 feet from the existing reac¬ 
tion pier. The new driver would then be installed on the existing rails 
and anchored to the reaction pier. Maintenance of the new tube could be 
done in place, i.e., without moving it. 

3.1.4 Method IV 

In Method IV, an 85-foot section of the existing driver, starting at a 
point 25 foot upstream of the existing diaphragm flange, would be removed. 
The new driver would be installed on the vacated 8 5 feet of existing track 
and then rolled into the remaining 25-foot section of existing driver. It 
would be attached to the existing diaphragm flange. The new driver would 
be open for maintenance except for the 25 feet inside the existing driver. 

3.1.5 Method V . 

In Method V, the entire 270-foot existing driver would be removed 
without cutting either the tube wall or the anchor plates. The new driver 
would be installed in place and anchored to the reaction pier. Maintenance 
could be accomplished without moving the. new driver. 
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3.1.6 Method VI 

Method VI is similar to Method V except only an 85-foot section of 
existing driver would be removed. The 2.44 meter tube would be cut 85 feet 
upstream from the diaphragm flange and lifted off the track and reaction 
pier and set to one side on blocks. 

3.2 SELECTED INSTALLATION METHODS 

> , ■ " 

Methods II through V were eliminated from further consideration be¬ 
cause of their similarity or complexity compared to Methods I and VI. The 

existing driver is kept intact in Method I, making this concept conform to 

* 

philosophy implied in the Statement of Work. However, Method I will pre¬ 
sent a maintenance problem in that the new driver must be pulled out of the 
existing driver and into the expansion section to replace electric heaters. 
This undesirable feature of Method I led to a- more detailed study of Method 
VI. Both methods are considered in the succeeding sections of this report. 




M. 
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Figure 3-3 
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SECTION 4 

NEW HIGH PRESSURE DRIVER 


4.1 DRIVER SIZE AND MATERIAL 

The new high pressure driver will have an overall length of 80 feet 
and an inside diameter of 36 inches. The driver shell will be constructed 
' of SA 516 Grade 70 steel and will be 2.25 inches thick. A 36-inch inside 

i 

diameter flange, rated at 1500 psi class, will be mounted on the downstream 
« end to connect either the converging nozzle or a quick valve. This flange 

will withstand 2665 psi at 700 F. The upstream end of the driver will be 
closed with a welded hemispherical head. A 12 inch diameter flange connec¬ 
tion is welded to the hemispherical head to provide a means for air cooling 
the driver. 

4.2 DRIVER SUPPORT 

Two methods of driver tube support were developed to suit two alter¬ 
native means (Methods I and VI) of driver installation. If the driver tube 
is installed inside the existing 2.44 meter diameter driver, the support 
shown in Figure 4-1 should be used. If the existing driver is removed from 
the reaction pier to facilitate the.new driver, the support shown in Figure 
4-2 should be used. Supports shown in Figure 4-2 would in turn be support¬ 
ed by new track supports (See Figure 4-3). These track supports should be 
installed at 10-foot intervals and will permit re-installation of the 2.44 
meter driver upon conclusion of LB/TS test bed experiments. As noted 
previously, temporary supports can be substituted for permanent supports if 
eventual and economical restoration of the 2.44 meter tube is not a consid¬ 
eration. 

4.3 DRIVER ANCHOR 

« 

The new driver can be anchored to the existing reaction pier in either 
of two ways, depending upon whether the existing driver is or is not re- 

* 

moved. If the new driver is located inside the existing 2,44 meter driver, 
its flange should be bolted to a 12-inch thick plate which is also bolted 
to the existing driver flange. The converging diaphragm section and quick 
valve can be bolted to another flange which is welded to an extension of 
the driver on the downstream size of the 12-inch thick plate (See Figure 
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4-4). This intricate configuration was derived to permit hydrostatic 
testing of the new driver in the shop and its subsequent insertion into the 
muzzle of the existing expansion section (or upstream from the existing 
reaction pier). 

If the 2.44 meter driver is removed from the reaction pier, a 5-foot 
thick concrete block can be attached to the downstream side of the reaction 
pier as shown in Figure 4-5. The block would have a hole in it to allow 
the new driver to pass through, and the driver can be anchored by a split 
ring on the downstream side of the concrete block as shown in Figure 4-6. 

The first of these two methods lends itself to relative ease of re¬ 
storing the 2.44-meter driver to operating condition. Regardless of the 
method used, reinforcement of the Reaction Pier (See Figure 4-7) will be 
required. Replacement of fractured concrete and epoxy-injection of cracks 
will be needed before reinforcement of the pier. 

■ 

4.4 MAXIMUM OPERATING THRUST WITH NITROGEN 

The magnitude of thrust developed by the driver depends on whether or 
not a divergent diffuser is attached to the discharge nozzle. With a 
diffuser, the maximum thrust estimate is 818,000 lbs as outlined in the 
scope of work. Such a diffuser was only considered to account for a very 
unlikely future contingency. That is, the driver is expected' to operate 
without diverging nozzle. An effort was made to evaluate the built-in 
safety factor included in the conceptual design when the driver operates in 
the expected configuration including the transient effects due to the 
rarefaction waves. 

After the sudden removal of the throat diaphragm the driver gas accel¬ 
erates and reaches the limiting throat exit velocity or critical choked 
flow. In the process rarefaction waves move upstream into the driver gas. 
This gas is thus accelerated by the waves and by passage through the con¬ 
vergent. As soon as the rear of the wave clears the convergent the two 
modes of acceleration are separated and the only unsteady part of the flow 

is the spreading wave in the driver. Otherwise the flow can be treated as 
one-directional and adiabatic everywhere at least until the front wave 
reaches the driver head. 

The wave equation (Re: Shapiro Eq. 25.32d) relates the flow to the 
initial rest properties of the gas ahead of the wave as follows: 
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Mb = a(l-b) 

Where: M = Local Mach number 


( 1 ) 


a - 2/(k-l) = 5 

b = Ratio of local to initial acoustic velocity 
k = 1.4 = 7/5 for nitrogen 


In the time frame selected there is no acceleration between the rear 
of the wave and the convergent inlet. The Mach number M at the rear of the 
wave is the inlet Mach number of the 4:1 area ratio convergent and verifies 
.(Re: Shapiro Eq. 4.19): 


4M = [(1 + M 2 /a)(5/6)] 3 


( 2 ) 


The subsonic root of this equation is by iteration: 

M = 0.146548 
Hence: b = 0.971525 

Based on the isentropic relations (Re: Shapiro Eq. 4.12) the ratio of 
other flow properties at the rear of the wave relative to the initial value 
ahead of the wave are equal to a power n of b as follows: 


n = 2 for temperatures 
n = a =. 5 for densities 
n = ka = 7 for pressures 


The time rate increase G of driver gas momentum due to the wave is 
then computed by integration from the front (b=l) to the rear (b=b) of the 
wave as: 


G/PA = 1 - b 7 - 35b 5 (l-b) 2 


(3) 


Where: P = initial driver gas absolute pressure 

A = driver gas cross section 


06F 


12 


It may be shown that the last two terms of this equation are respec¬ 
tively the dimensionless convergent inlet pressure force (H/PA) and influx 
momentum (K/PA) in that order. 

H = .816916 (PA) 

K = .024462 (PA) 

G = .158522 (PA) 

The convergent inlet impulse function F is by definition the sum of H 
and K or: 


F = .841478 (PA) 

In the convergent there is no further change to the stagnation proper¬ 
ties of the rear of the wave. In particular, the convergent ratio of 
stagnation to local temperature is proportional (Re: Shapiro Eq. 4.14a) 
to: 

1 + M 2 /a 

For choked throat conditions (M = 1) this ratio is at the throat: 

1 + a -1 -= 6/5 = (1/2)(k+i) 

The ratio of outlet to inlet temperature was shown to be the square of 
the corresponding acoustic. velocity ratio B so that (Re: Shapiro Eq. 
6.24): 

B 2 = (5/6)(l+M 2 /a) • (4) 

The ratio of throat to initial temperature is then by eliminating M 
between (1) and (4), equal to: 

(bB) 2 = (5/6)[b 2 +5(l-b) 2 ] (5) 

Or: (bB) = .8887795 
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As a result, applying the isentropic relations as before it may be 

shown that, in terms of the initial static pressure force PA, with K* the 
% 

convergent efflux momentum, H* the throat pressure force, and F* the throat 
impulse function: 

K*/PA = (k/d)(bB) 7 
H*/PA = (1/d)(bB) 7 
F*/PA = (1/d)(k+1)(bB) 7 
Or: H* = .109521 (PA) 

K* = .15333 (PA) 

F* = .26 28 51 (PA) 

The momentum equation applied to the gas volume of the convergent (Re: 
Shapiro Eq. 4.21) shows that the net force R exerted by the gas on the 
convergent walls is in the direction of the flow and’ equal to the impulse 
function gradient: 


r = F-F* - .578627 (PA) 

Before the release of the diaphragm this force was equal to PA. There 
is thus a sudden drop of (PA-R) in the longitudinal wall tensioning load of 
about 42 percent. This is the first of a series of events discussed in 
Section 4.5 "LONGITUDINAL DYNAMIC EFFECTS' 1 . 

The momentum equation applied to a control volume enveloping the 
driver states that the net external force S restraining the driver is in 
the direction of the flow and equal to the time rate increase G of momentum 
within the driver plus the excess of the outgoing momentum flux over the 
incoming momentum flux (here equal to zero). 

Let p be the ambient absolute pressure at the head of the driver and 
p r the ambient absolute pressure at the tail of the driver outside of the 

choked discharge jet. The ratio of the annular base area outside of the 

jet to that of the throat is (d—1) = 3 and: 

S = G + K* + H* - pA + p , (A/d)(d-l) (6) 

= PA - R ~ pA +(3/4)p f A 
= [1 - (R/PA) - r + (3/4)r f ](PA) 
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By definition the magnitude of the driver thrust is equal to S but in 
the opposite direction. In the preceding equation r * p/P and r* 35 p ! /P» 
Since the backpressure p 1 never exceeds p, the last term Is a drag as it 
reduces S. Zero backpressure is therefore not a conservative assumption. 

Instead let r’ = r = 14.7/1775 = .0082 then: 

*■ 

* 

« 

S = [1 - (R/PA) - (r/d) ] (PA) 

= 0.419303 (PA) ' • 

For P = 1775 psia and A = 1017.87 in , 

S = 757,567 lbs 

, l i 

This is 92.6 percent of the 818,000 lb thrust in the scope of work. 
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4.5 LONGITUDINAL DYNAMIC EFFECTS 


An effort was made . to determine the magnitude of the longitudinal 
dynamic stress of the driver, based on test data acquired in 1966 for the 
design of the existing eight foot driver. These data are contained in a 
document entitled. Study of Shock Tube Driver Section Stresses and Expan¬ 
sion Reaction Section Loadings (Reference 3). The 40 millisecond trace of 
the longitudinal stress and the shock pressure downstream of the driver is 
included in Appendix B with the harmonic analysis of the longitudinal 
stress. 

The harmonic analysis was done to determine the fundamental natural 
frequency of the driver tested. The length of the driver was one-half of 
its fundamental wavelength when both.ends were free and one-quarter wave¬ 
length when one end was fixed and the other free. A 270 foot long driver 
anchored at one end is expected to resonate at 16 Hz. To detect such low 
frequency, at least one full period or 64 milliseconds of the signal must 
be sampled. Since the record covered less than 40 milliseconds, the 16 Hz 
signal could not be detected. 

The record indicated that the longitudinal stress of the tested driver 
briefly exceeded the initial static stress by a factor of 1.62. This 
occurred approximately 10 milliseconds after the onset of dynamic condi^- 
tions. This is less than the doubling of stresses that would occur if the 
driver anchor were instantaneously loaded by the static pressure on the 
driver head from a state of zero stress. 

In the tested driver, the diaphragm area was equal to that of the 
driver cross section. The proposed Test Bed driver will be designed for a 
sonic throat of reduced area. 

In the preceding Section 4.4 it was shown that firing the diaphragm 
causes a sudden reduction from PA to R in the tension load of the driver 
walls due to the internal gas pressure. This unloading, however, is of 
short duration since the restraining driver anchor will ultimately prevent 
the axial movement of the driver under its internal unbalanced pressure and 
jet thrust developed by the choked discharged gas. 

Two factors must be considered, the reloading rate and the anchor 
location at the rear .of the cylindrical driver section. With less than 
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1/16 inch play in the anchor bolt holes the reloading must indeed be con¬ 
sidered instantaneous. This is the worst case as it generates elastic 
waves in the wall thus adding stresses that will peak at twice the tension 
that would otherwise result from the gradual application of the reload. No 
such problem would exist if the anchor had been located at the head of the 
driver for in that case the walls would be compressed instead of tensioned 
by the restraining force S = sPA of the anchor. 

The initial wall tension is (1-r) PA. Upon firing the diaphragm and 
as long as the anchor does not reload the wall tension drops to: 

R-3p'A/4 = (1-r-s) PA 

The sudden reload of the anchor is equivalent to a 2S static reload on 
the walls and the tension will then peak at (1-r+s) PA., The ratio of peak 

to initial wall tension is with s * .4193 and r = .0088': 

» 

1 + s/(l-r) = 1.4228 

The allowable longitudinal stress is the same as the allowable hoop 
Stress. However, the geometry of the cylindrical driver results in hoop 
stress being double the longitudinal stress under static conditions. In 
other words, the longitudinal wall stress may safely be allowed to exceed 
by up to 100 percent its initial static value. The 42.-28 percent calcu¬ 
lated above is thus intrinsically safe and does not require a thickness 
increase of the driver walls. 

For flanged driver there is no such built in allowance and both 
flanges and bolts must be designed to withstand the dynamic maximum stress. 
It must be noted that some codes allow 25 percent increase in.the allowable 
stress for loads of short duration. 

The test driver thickness is 2.25 in. with .05 in. for corrosion 
allowance or a net thickness t = 2.2 in. Its radius R 1 = 18 inches. The 
gage design pressure P f = 1760 psig. The ASME .Boiler Code, Section VIII, 
Longitudinal Stress is then: 
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(P'/2t)(R'-0.4t) = 6848 psi 

At peak this stress may reach:. 

(1.4 2 28) (6848) = 9 7 43 psi 

With a 16.5 feet maximum between supports, the bending stress was 
calculated to be 102 psi and the maximum operating longitudinal stress will 
not exceed: 

9743 + 102 = 9845 psi 

The maximum allowable stress with SA 516 steel, Grade 70 at 710 F is 
16,240 psi. The safety factor is thus: 

S 

9 

16240/9845 = 1.6495 

The hoop stress is per ASME Boiler Code, Section VIII: 

4 " 

(P 1 /t)(R'+0.6t) = 15456 psi 

This is less than the 16240 psi allowable. 

Computations of longitudinal dynamic effects are also included in 
Appendix B. 
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INSTALLATION OF NEW DRIVER 
’ IN EXISTING TUBE 


Figure 4-1 
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Figure 4-2 
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Figure 4-4 


THRUST RESISTANCE SYSTEM (METHOD I) 
AND QUICK VALVE INSTALLATION 
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Figure 4-5 










































































































THRUST RESISTANCE SYSTEM 

(METHOD 30) 


Figure 4-6 
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Figure 4-7 












































































SECTION 5 

DRIVER HEATING SYSTEM 


5.1 HEATING ELEMENTS 

Heating elements can be installed around the circumference of the 
driver tube at two-foot intervals. Twelve inches of thermal insulation 

i* 

would enclose the driver and its heating elements. Thirty kilowatts of 
electric energy will be needed to heat the driver from 0 F to 700 F in 96 
hours. The 96-hour heating period was considered to be suitable for the 
testing program but could be decreased at the expense of greater power 
costs. Three tests per week and a 48-hour interval between tests were 
assumed. It was also assumed that the maximum temperature increase between 
tests would be 350 Fi The steady state heat loss through tube insulation 
would be 20,000 btu/hour at a tube temperature of 700 F. See paragraph 5.4 
for quick cooldown provision. 

5.2 TEMPERATURE CONTROL 

The entire tube would be maintained at a designated set temperature, 
and heating elements would be controlled automatically to obtain the preset 
temperature from a control panel in the existing control room. Temperature 
sensors would be located on the outer surface of the tube at four foot 
intervals along the length of the driver between every second heater ele¬ 
ment. Temperature control will be based upon the highest temperature 
reading. Heater failures would be indicated by a low temperature readout 
of any one sensor relative to the other readings. Separate temperature 
sensors can be installed through the tube wall to read gas temperature. A 
safety override control system would disconnect electric power from heater 
controllers if the temperature control failed. 

5.3 MAINTENANCE OF HEATING SYSTEM 

The use of electrical strip heating elements on pressure containment 
vessels is not a new concept. However, their application at this facility 
introduces the new dimension of performance under shock environment. As 
such, the performance of strip heaters in this environment needs to be 
confirmed as an objective of the Large Scale Test Bed program. Replacement 
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of individual strip heaters may be necessary until optimum mounting and 
connection designs are developed. The possibility of heater replacement, 
even if infrequent, tends to disfavor the concept (Method I) involving 
enclosure of a new driver within the existing driver shell. 

5.4 QUICK COOLDOWN PROVISIONS 

A 12,500 cfm blower will be used to cool the driver by connecting the 
blower with an isolation valve at the 12 inch diameter flanged connection 
in the hemispherical head of the driver. 


SECTION 6 

CONVERGING NOZZLE AND DIAPHRAGM INSTALLATION 
WITH CONSIDERATION FOR A QUICK VALVE 

6.1 CONVERGING NOZZLE/ORIFICE PLATE 

A converging nozzle, with mating flange (1500 psi class, 36-inch 

inside diameter) can be attached to the driver tube flange. Figure 6-1 

shows a nozzle configuration with two stages of area reduction. The first 
stage reduces the 36-inch diameter to 18-inches for tests requiring maximum 
downstream pressure. The second stage attachment can be used for obtaining 
a further reduction in area to achieve lower downstream pressures and 

longer duration waves (shown is either 12-inch or 6-inch reduction). A 

simple orifice plate mounted ahead the diaphragm may be used in lieu of the 
second and smaller stage attachments. Orifice plates have worked well in 
smaller scale experiments by sizing orifices to compensate for inherent 
losses. 

6.2 QUICK VALVE 

A quick valve (Figure 6-2) can be attached to the driver tube flange 
in place of the converging nozzle. If a quick valve can be successfully 
developed, it will perform the same functions as the converging nozzle and 
diaphragms. 

6.3 DIAPHRAGM INSTALLATION 

Figure 6-3 shows the proposed diaphragm installation concept. This 
concept allows the use of a single diaphragm, two diaphragms, or-a single 
diaphragm and a baffle/heat shield. This device will permit testing over 
wide pressure and temperature ranges with diaphragms of optimum thickness. 
A pressure control system, as described in the following paragraph, will 
maintain equal pressure drop, across each diaphragm when two diaphragms are 
installed. 

6.4 PRESSURE CONTROL SYSTEM 

A dual diaphragm configuration has been previously proposed to reduce 
LB/TS diaphragm and cutting charge costs. Such an arrangement will also 
limit temperature rise on downstream diaphragm. This concept would utilize 
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two diaphragms to share the driver pressure load by limiting pressure 
between diaphragms to half that of gas stored in the driver. 

Refer to Figure 6-4 for definition of pressures and volumes relative 
to the following discussion. The pressure P* of volume V 1 between the two 
diaphragms must be kept at half the driver pressure P because neither 
diaphragm can withstand pressure P. This can be achieved by allowing small 
amounts of driver gas to bleed into V f through a small manually-adjusted 
metering valve. The bleed-out line of V ! will release gas to maintain P f 
at P/2 by a modulating control valve on this line. This modulating valve 
will be positioned by a force-balanced pneumatic operator with two unequal 
sized diaphragms (See Figure 6-5). A differential pressure ratio (P/P f ) of 
two can be achieved if one diaphragm area is twice that of the other. That 
is, the force exerted by P T on the larger area will balance for force 
exerted by P on the smaller area at a pressure ratio, R = P/P ! = 2. A bias 
spring will allow slight adjustment of the pressure ratio by operating 
personnel. 

6.4.1 Safety 

For safety purposes, back-up control valves would take over in 
the event of failure of the main control valve. This could be achieved by 
providing two identical modulating valves, one of which would be connected 
in parallel and the other in series. If the primary operator fails in the 

i 

open position, the series (downstream) valve set at a higher R ratio, would 
assume control. If the primary operator fails in the closed position, the 
parallel valve set at a lower R ratio, would take over. 

6.4.2 Availability 

The depicted concept requires a custom-made pneumatic operator for the 
rated pressure of 2,000 psi. Custom fabrication may be possible by assem¬ 
bly of available fittings. Temperature limitations may require cooling of 
the bleed-out leg in radiation fins or by a water jacket supplied with the 
cooling system proposed in paragraph 6.4. A pressure control system com¬ 
posed entirely of available components is possible by using intervening 
pressure transducers and average relays. However, the proposed method is 
preferable because of its relative simplicity. 
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6.5 COOLING SYSTEM 

A closed-cycle cooling system for the driver/diaphragm nozzle section 
is shown by Figure 6-6. The cooling system will have sufficient capacity 
to limit temperature rise of the downstream diaphragm or the quick valve to 

250 F. This system will consist of: 

* 

a. Cooling Jackets 

b. System Pump 

c. Fan Cooled Radiator 

d. Expansion Tank 

To prevent freeze-up, the cooling media should be an ethylene-glycol/ 
water mix. The cooling media would be circulated by an in-line pump 
through a fan-cooled radiator where it would be cooled to within a few 
degrees of the ambient air temperature. An expansion tank would be pro¬ 
vided to equalize flow conditions within the system and to allow a reser¬ 
voir of liquid to compensate for leaks and spillage. Water jackets would 
envelope surfaces to be cooled at the diaphragm section (See Figure 6-7), 
and these jackets would be piped in a counterflow configuration. 
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Figure 6-1 
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THRUST RESISTANCE SYSTEM (METHOD I) 
AND QUICK VALVE INSTALLATION 
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Figure 6-3 
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PRESSURE CONTROL SYSTEM SCHEMATIC 
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PRINCIPLE OF OPERATION: 

SINCE FORCE EQUALS PRESSURE TIMES AREA, 

LESS BACK PRESSURE IS REQUIRED TO BALANCE A 
GIVEN INPUT. IN THE 2:1 RATIO MODEL, AN INPUT- 
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PRESSURE. 
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Figure 6-5 
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Figure 6-6 
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SECTION 7 

HIGH PRESSURE GAS SUPPLY 


7.1 SYSTEM DESCRIPTION 

The ■ proposed high pressure gas system will utilize liquid nitrogen 
from an oil-site storage tank, positive displacement pumps to pressurize the 
driver, and two vaporizers to gasify the liquid nitrogen. Liquid nitrogen 
will be vaporized by heat absorbed from air with two vaporizers and brought 
to within 5 C of ambient temperature with two booster heaters. Two pumps 
will be provided to pressurize the driver tube to its maximum level in a 
one-hour period after a 10-minute gravity cool down of the pump suction 
lines. If one pump fails, the other pump would pressurize the driver tube 
in twice the time needed for a two pump operation. The pumps, their lubri¬ 
cation and control systems, switchgear, and trim heaters should be located 
in a 12-foot by 20-foot enclosure for weather protection. A schematic 
diagram of the liquid nitrogen system is shown on Figure 7-1. 

7.2 PUMPS 

The required pump capacity was estimated to be 5 gpm at 2,000 psi. 
Pumps should be monitored for cool down, loss of suction, recirculation, 
and cavitation by a microprocessor which also logs pump running time. If 
the storage tank is pressurized during flow conditions, booster pumps will 
not be needed in•the suction line to the main pumps. Several spare "cold 
heads" should be kept on hand because this part of a positive displacement 
pump is a high maintenance item. 

7.3 STORAGE TANK AND FILL STATION 

The required storage tank capacity was estimated to be 6,000 gallons 
to cover any conceivable weekly consumption. Boil-off losses are expected 
to not exceed one percent of the tank content per day. A fill station is 
needed at the storage tank to accomodate quick connect and disconnect of 
flexible hoses on LN2 supply•trucks. Filling is normally done using pumps 
on supply trucks. Rental of a complete storage tank and control system 
from a liquid nitrogen supplier is often cost-effective for "hospital size" 
installations such as the proposed system. For this reason, purchase cost 
of the storage tank was not included in estimates for this study. 
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7.4 VAPORIZERS AND BOOSTER HEATERS 

The two vaporizers will be batteries of externally finned tubes that 
are connected in parallel. Heat needed for vaporization will be supplied 
by ambient air that circulates around the fins by natural convection. 
Liquid nitrogen will enter the bottom headers of vaporizers under pump 
pressure to be forced through the finned tubes. After complete vaporiza¬ 
tion in the tubes, the pressurized gas will be collected in headers at the 
top of vaporizers. The temperature of nitrogen gas leaving the headers 
will depend upon the ambient temperature and upon the amount of ice build¬ 
up on the fins. The rate of heat exchange between ambient air and the 
nitrogen will be influenced by the built-up ice. 

Electric indirect (isopentane bath) trim heaters will be required to 
boost the temperature of gas entering the driver in the winter and to more 
closely control the discharge temperature of the vaporizers. A combination 
of air vaporizers and trim heaters is normally more economical than forced 
convection air vaporizers equipped with electric defrost. 
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SECTION 8 

CONCLUSIONS AND RECOMMENDATIONS 


8.1 GENERAL 

The 2.44-meter shock tube at BRL can be modified to serve as a Large 
Scale Test Bed for LB/TS research. Although significant costs are in¬ 
volved, modification of the existing facility has several advantages over 
an entirely new facility. These advantages are: 

a. The existing reaction foundation, a major element of the facil¬ 
ity, can be reused "as is". 

b. The existing expansion section can be reused with only minor 
alterations. 

* 

c. Personnel protection is available in the existing Control Build¬ 
ing. Diaphragm rupture can be controlled. from existing equipment in 
this building. Controls for nitrogen pressurization, tube heating, 
tube ventilation, and nozzle cooling can be added within this build- 
ing. ' 


d. The existing Diaphragm Change Building can be used for shop 
operations during Test Bed experiments. 

e. Existing electrical power is adequate for heating and charging 
the new driver. 

f. No additional real estate is required. 

g. Compliance with environmental regulations will be simplified. 

h. The existing facility is located in relative proximity to admin¬ 
istrative support offices. 
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8.2 CONSTRUCTION COSTS 

The ultimate disposition of the BRL Shock Tube Facility is unknown. 
Consequently, an optimum concept for its temporary conversion to LB/TS Test 
Bed usage cannot be determined with certainty. Costs of two methods (I and 
VI) for its modification were derived so the value of keeping the existing 
tube intact could be assessed. These costs are summarized in Table 8-1; 
the total procurement/construction was estimated to be.about $1.1 million. 
Method VI will cost about $32,000 less than Method I. 


TABLE 8-1 

COST ESTIMATE FOR INSTALLING HIGH PRESSURE DRIVER 


MAJOR COST ELEMENT 

METHOD 

METHOD 

NEW DRIVER INSTALLATION 

I 

VI 

TUBE & FLANGE 

$ 94,600 

$ 94,600 

HEATING SYSTEM 

50,000 

50,000 

INSULATION SYSTEM 

37,000 • 

37,000 

TUBE COOLING SYSTEM 

10,200 

10,200 

VALVE/DIAPHRAGM COOLING 

10,000 

10,000 

ANCHOR SYSTEM 

37,800 

49,500 

3 FT TUBE SUPPORTS 

21,000 

19,600 

3 FT GROUND SUPPORT 

— 

5,250 

8 FT GROUND SUPPORT 

5,250 

— 

REACTION BLOCK REPAIR 

18,320 

' 18,320 

3 FT TUBE INSTALLATION 

110,000 

48,000 

WEATHER COVER 

-' 

24,300 

SUBTOTAL 

$394,170 

< 

$366,770 

15% CONTINGENCY 

59,126 

55,016 

TOTAL 

$453,926 

$421,786 

NITROGEN SYSTEM 

$106,000 

$106,000 

15% CONTINGENCY 

15,900 

15,900 

TOTAL 

$121,900 

' $121,900 

QUICK VALVE DEVELOPMENT 

$ 50,000 

$ 50,000 

QUICK VALVE COST 

$380,000 

$380,000 

QUICK VALVE COMPUTER AND INTERFACE 

15,000 

15,000 

VALVE SUPPORT 

3,000 

3,000 

TRANSITION TO 8 FT 

8,000 

8,000 

SUBTOTAL 

$456,000 

$456,000 

15% CONTINGENCY 

68,4 0 0 

68,400 

TOTAL 

$524,400 

$524,400 

DIAPHRAGM MOUNT AND NOZZLE 

24,400 

24,400 

TRANSITION TO 8 FT 

8,000 

8,000 

SUBTOTAL 

$ 32,400 

$ 32,400 

15% CONTINGENCY 

4,860 

4,860 

TOTAL 

$ 37,260 

$ 37,260 
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Detailed cost breakdowns are included as Appendix C. 

8.3 CONSTRUCTION SCHEDULE 

Figures 8-1 and 8-2 show construction schedules for Method I and 
Method VI, respectively. They indicate a conventional construction period 
of about ten months, regardless of the method pursued. Through closely 
controlled construction management, these schedules may be foreshortened to 
about eight months. 

Engineering design, construction advertisement, or contractual pro¬ 
cedures are not included in construction schedules. 

8.4 RECOMMENDATIONS 

a. The BRL 2.44-meter shock tube should be modified as outlined in 

previous sections for Method VI and as shown on Figure 8-3. Access- 

« 

ibility of heating elements and lower initial costs are the primary 
advantages of this method. Method I can be used in lieu of Method 6 
if construction expediency evolves as the primary selection factor. 

b. A plan should be developed for thorough measurement of stress 
levels in the new driver. 

c. The procurement/construction program should include allowances 
for contingencies which develop from early test results, i.e;:. 

(1) The quick valve does (or does not) shape waves by sequential 
closing of its ports. 

(2) The quick valve does (or does not) permit formation of a 
steep shock front when it opens. 

Purchase of the double-diaphragm section and diaphragms could be 
postponed or avoided entirely, depending upon results of quick valve test¬ 
ing. 
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METHOD I- CONSTRUCTION SCHEDULE 



Figure 6-! 
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METHOD 3H - CONSTRUCTION SCHEDULE 



Figure 8-2 
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APPENDIX B 


COMPUTATION OF LONGITUDINAL DYNAMIC EFFECTS 
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Now, evaluate the effect of the most promfnent coefficients by setti 
others equal to zero. The prominent, ones are 0,1, and 7. 
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Now take inverse FFT to regenerate curve 
7. := ifft(c) 
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Shi-ft sampling interval 14 time steps to the left, to the start o-f 
transients. This will give an indication if- the spectral response 
changed. 
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The low value of the 2nd harmonic (3rd coefficient) in both of the 
samples indicates that there is no significant effect even during the 
initial transients. 
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